ABSTRACT: Strength and durability characteristics of geopolymers produced using three precursors, consisting of fly ash, Ground Glass Fiber (GGF), and glass-powder were studied. Combinations of sodium hydroxide and sodium silicate were used as the activator solutions, and the effect of different sodium and silica content of the activators on the workability and compressive strength of geopolymers was investigated. The parameters used in this study were the mass ratio of Na2O-to-binder (for sodium content), and SiO2-to-Na2O of the activator (for silica content). Geopolymer mixtures that achieved the highest compressive strength from each precursor were assessed for their resistance to alkali-silica reaction and compared against the performance of portland cement mixtures. Test results revealed that GGF and fly ash-based geopolymers performed better than glass-powder-based geopolymer mixtures. The resistance of GGF-based and fly ash-based geopolymers to alkali-silica reaction was superior to that of portland cement mixtures, while glass-powder-based geopolymer showed inferior performance. 
INTRODUCTION
Each year, a large amount of glass fiber is produced around the world for use in various applications. However, this process generates hundreds of thousands of tons of waste glass fiber. It has been reported that, in the U.S., around 250,000 to 500,000 tons of waste glass fiber end-up in landfills each year (1) . This waste material is rich in silica, alumina, and calcium and if ground to a fine powder, might potentially be used as supplementary cementitious material (SCM) or as a precursor for production of geopolymer. Chen et al. (2) studied the utilization of waste E-glass (the most commonly used type of fiber glass) as cement replacement material. In addition, a number of studies were also conducted on the utilization of vitreous calcium aluminosilicate (which is a commercially produced pozzolan made from by-products of fiber glass) as cement replacement material (3, 4) or as a precursor for geopolymer production (5, 6) .
So far, a large number of waste or industrial byproduct materials have been studied as precursors to produce geopolymer concrete. Among them, flyash, slag, and meta-kaolin and their combinations are the most widely used materials (7) (8) (9) (10) (11) (12) (13) (14) . In addition, other materials like kaolinite and albite (15) , waste paper sludge ash (16) , palm oil fuel Ash (17) , spent fluid catalytic cracking catalyst (18) , waste glass-powder (19) , blends of clay and fly ash (20) , a combination of fly ash and anhydrous borax (21) , and combination of natural pozzolan and slag (22) were studied by other authors. Thus far, no studies have been conducted on the use of GGF in geopolymer systems.
Earlier studies, performed mostly on fly-ash or metakaolin based geopolymer mixtures, have revealed some of the important parameters that affect the mechanical properties of final geopolymer products. It has been reported that parameters, such as type and concentration of the alkali solution (23, 24) , ratio of SiO 2 /Na 2 O in the alkali activator solution (24, 26) , availability of calcium compounds (10, 27, 28) , extent of dissolution of precursors in an alkali media (15, 29) , and the molar ratio of Si:Al in the final product (30) (31) (32) are parameters that can affect mechanical properties of final geopolymer products.
Several studies have also been conducted on durability aspects of geopolymers. Considering the high amount of alkali present in geopolymers, the potential for Alkali Silica Reaction (ASR) in aggregates used in geopolymers has always been a big concern. Susceptibility of fly ash-based geopolymer mixtures to ASR have been studied in several works (33) (34) (35) (36) (37) . Results of these studies showed a better ASR-resistance of geopolymer mixtures in comparison to a portland cement based mixture. The better performance of geopolymer mixtures in reduction of ASR-related expansion has been attributed to: lower calcium content of the geopolymer paste in comparison to portland cement based mixtures (33, 35, 36) , further geopolymerisation of geopolymer mixtures in the ASR-test condition (33, 34, 36) , and the higher amount of total porosity (with smaller pore diameter) of the geopolymer paste in comparison to portland cement paste (37) .
In this study, the activation process for three different materials, i.e. class F fly ash, Ground Glass Fiber (GGF), and ground bottle glass in a powder form, was investigated. The activators used in this study were combinations of NaOH and Na 2 SiO 3 solutions in various concentrations and proportions of activators. In addition, accelerated curing for 24 h at 60°C was used in this study for all the mixtures evaluated.
The first objective of this study was to investigate the effect of using different dosages of activator as measured by the mass ratio of Na 2 O-to-binder and the ratio of sodium hydroxide and sodium silicate in the activator solution as measured by Si 2 O/Na 2 O mass ratio on workability and compressive strength of the geopolymer concretes. The second objective of this study was to evaluate the performance of mixtures that resulted in the highest compressive strength under the first objective to determine their resistance to ASR.
EXPERIMENTAL PROCEDURE

Materials
The materials used in this study were:
1. Alumino-siliceous precursors for geopolymers including GGF, class F fly ash and glass powder with average particle size of 4, 28 and 17 microns, respectively. 2. For conducting comparative studies with for portland cement mixtures an ASTM C150 (38) Type I cement was selected. 3. Locally available siliceous river sand with ovendry specific gravity of 2.67 and absorption of 0.30% was used as a fine aggregate in preparing the mortar mixtures. Reactive rhyolitic gravel from Las Placitas gravel pit was used in studies related to ASR mitigation. 4. The alkali activators used in this study were 40% sodium-silicate solution (SiO 2 /Na 2 O=3, weight ratio) and anhydrous NaOH pellets.
The GGF used in this study is a fine white powder produced by grinding waste fiber glass. The fly ash in this study is a Class F fly ash obtained from a local source. The glass powder was obtained from finely ground recycled glass bottles. Basic physical properties and chemical composition of the precursor can be seen in Table 1 and Table 2 , respectively.
In addition, the XRD pattern of the cementitious materials that were used in this study are presented in Figure 1. 
Mixture Proportions
Effect of the relative proportion of the two activators (sodium silicate and sodium hydroxide) on the fresh and hardened properties of geopolymers was studied by changing two parameters. Firstly, the mass ratio of total Na 2 O-to-binder at three different levels -5%, 7.5% and 10% -was used. Secondly, the mass ratio of SiO 2 /Na 2 O at three levels -0, 0.50 and 1.00 -was used. In all the mixtures, the sand content was selected to fill 55% of the total volume, and the water-to-binder ratio was maintained between 0.30 and 0.35. This range was chosen to get the highest possible strength while the mixtures were workable without the need for any water reducers. The details of the test plan are presented in Table 3 .
Flow test and compressive strength
The water-to-binder ratio employed in geopolymer mixtures is generally between 0.20-0.40 which is lower than the normal water-to-binder ratios used in conventional portland cement concrete and mortar. To examine the effect of different precursors and the chemical ratios (alkali-to-binder ratio and SiO 2 /Na 2 O) on the flowability of the geopolymer mixtures, flow test (ASTM C1437) (39) was done on each of the blends. To evaluate the compressive strength, 50 × 50 × 50 mm mortar cubes were cast. The mixing procedure began with dissolving required amount of NaOH in water. The sodium-silicate solution was then added, and mixing process continued until all the NaOH pellets were completely dissolved.
Immediately after the dissolution of all NaOH pellets, the precursor was added to the solution and mixed for 1 additional minute. Lastly, the fine aggregate was introduced into the mixer and mixing process continued until uniform mix was achieved. The material was then placed in the cube molds and transferred to a 60 o C chamber for a 24-hour period of heat curing. After 24 hours, cubes were removed from molds and placed inside an environmental chamber, maintained at 23 o C temperature and 50% relative humidity, until the time of testing. The compressive strength was measured at 3, 7 and 28 days following the ASTM C109 (40) procedure. Additional mortar prisms were also cast to investigate the microstructure using scanning electron microscopy (SEM).
Dissolution of paste in HCl acid solution
In this study, HCl solution is used to find the amount of unreacted GGF particles of geopolymer mixtures. This solution is known to dissolve the geopolymer structure and leave the unreacted precursor particles behind (41, 42) . In this study, following Palomo et al (42) , dissolution of selected paste were studied in a 1:20 HCl solution (i.e. 50 ml of 1N HCl solution in 1000 ml water). Geopolymer paste was crushed to a fine powder and the amount passing sieve #100 and retaining #200 sieved was selected for the test. To perform the test, 2 grams of the paste powder was introduced into 500 ml of HCl solution and the solution was mixed for 3 h using a magnetic stirrer. The solution then was filtered using 1.5 µm filter paper. The residue was dried at 110 o C for 24 hours, then weighed and recorded.
Extent of dissolution
Solubility of raw material in high alkali media was determined by mixing 5 grams of each precursor in 100 ml of 5N NaOH solution. Solutions were mixed for 2 hr. at ambient temperature using a magnetic stirrer. The solution was filtered using micro fiber filters and then diluted to 1:100 using deionized water. Inductively coupled plasma (ICP) test was performed to analyze the filtered solution. The concentration of soluble Si, Al, Ca and Fe was measured for the diluted solution. The results were then back-calculated for the original concentration of the dissolved elements in the 5N NaOH solution.
Alkali-silica reactivity of aggregates in geopolymers
Accelerated mortar bar test using ASTM C1260 (43) procedure was followed to study the ASR behavior in geopolymer mortar specimens. A known alkali-silica-reactive aggregate, Las Placitas gravel from New-Mexico, was crushed to meet the gradation requirements of ASTM C1260 and was used as the fine aggregate in all the mixtures. Following the ASTM C1260 procedure, the binder-to-aggregate ratio was selected such that for 1 part by weight of dry source-materials (i.e. GGF, fly ash or glass-powder), 2.25 parts by weight for the crushed aggregate by mass were used.
In this study, ASTM C1260 test was used, realizing that even though the test is being run on geopolymer mortars rather than portland cement mortars, as no suitable test method is presently available to evaluate ASR behavior of aggregates in geopolymers. The binder portion of the geopolymer test specimens followed the proportions given in Table 3 . Same mixing and curing procedure as described in section 2.3 were followed in preparing the mortar prisms for ASR study. The specimens were removed after 24 h in 60 o C environment and submerged in water at 80 o C for Figure 2 shows the flow results of geopolymer samples. As it can be seen, GGF-based geopolymer mortar showed the highest flow while glass powderbased geopolymer mortar had the lowest flow. The workability of fresh geopolymer mixtures has been reported to vary with the change in the alkali content of the solution as well as its SiO 2 /Na 2 O ratio (44) (45) (46) . According to these studies, increase in Na concentration and SiO 2 /Na 2 O ratio will reduce the workability of the mixture. In the present study, however, increase in the alkali content of the activator solution from 5 to 10% (Na 2 O-to-binder mass ratio) did not seem to have a considerable effect on the flow results of fly ash and GGF-based mixtures but caused improvement in the workability of glass-powder-based mixtures. On the other hand, increase in SiO 2 /Na 2 O ratio showed a clear improvement in the workability of the mixtures, which is in agreement with the earlier mentioned studies.
RESULTS AND DISCUSSION
Flow test
The main mechanism by which increase in SiO 2 / Na 2 O ratio improved the workability is thought to be related to the mixing procedure that was followed in this study. As presented in section 2.3, the first step of the mixing procedure was to dissolve NaOH pellets in the required amount of water, which is followed by the addition of the precursors. The dissolution of NaOH pellets is an exothermic reaction and increases the temperature of the mixture which lowers the workability. However, addition of soluble Si was done by using pre-mixed sodium silicate (ambient temperature), and therefore, cooling the mixture. The lower temperature of the mixture with higher SiO 2 /Na 2 O ratio is thought to be the main reason for the better workability of these mixtures. A same observation has been also reported by (47) , in which NaOH solution was not allowed to cool down.
It was also observed that GGF mixtures had the highest viscosity in the flow test (based on visual observation of the stickiness of the mixtures). The fly-ash based material, however, showed the lowest viscosity and was easier to work with. For mixtures with very low workability (Glass-powder based samples), a High Range Water Reducer (HRWR, MasterGlenium® 7500) was used to ensure an adequate flow for proper compaction of test specimens for other tests. The amount of HRWR was measured to be 1.5% of the weight of the glass-powder and no HRWR was needed for the GGF and fly ash-based geopolymer samples.
Compressive strength
Compressive strength of geopolymer samples are presented in Table 4 and Figure 3 . As it can be seen for all the precursors, compressive strength increases with an increase in the Na content of the mixture. At 28 days, the compressive strength of GGF samples having SiO 2 /Na 2 O = 0.5 (GGF-0.5) and SiO 2 / Na 2 O = 1.0 (GGF-1) showed an increase from 29 to 72 MPa and 28 to 67 MPa respectively, when the Na content of the mixture was increased from 5% to 10%. Similarly, the compressive strength of geopolymer samples containing fly ash having SiO 2 /Na 2 O = 0.5 (F-0.5) and SiO 2 /Na 2 O = 1.0 (F-1) showed an increase in compressive strength from less than 5 MPa to 46 MPa and 24 to 59 MPa, respectively, when the Na content of the mixture was increased from 5% to 10%.
Except for the glass-powder geopolymer mixture with SiO 2 /Na 2 O = 0.5 and Na 2 O content of 10% (GP-0.5-10 sample), an almost similar trend as observed with GGF and fly ash can be seen in other geopolymers prepared with glass-powder. However, the difference in the compressive strength between glass powder-based geopolymer mixtures containing 7.5% and 10% Na 2 O content were smaller than observed with geopolymers prepared with other precursors. This could be attributed to the large amount of alkalis that are already present in glasspowder. It is assumed that glass particles release Na + into the surrounding media and act as an internal source of alkalis, which reduces the effect of the external source of alkalis.
The effect of soluble Si content in the activator solution seems to be very important in fly ash and glass-powder-based geopolymer samples, while it is less significant in the case of GGF. In 28 day-old fly ash samples with 10% Na 2 O content, for SiO 2 /Na 2 O ratios of 0, 0.5, and 1, the compressive strength values were 25, 46, and 59 MPa respectively. In the case of glass-powder samples, for SiO 2 /Na 2 O ratios of 0, 0.5, and 1, the compressive strength values were 14, 33, and 43 MPa respectively. However, as can be seen, GGF samples do not follow this trend, and an increase in the SiO 2 /Na 2 O ratio from 0 to 1 causes reduction in compressive strength from 82 MPa to 67 MPa. The highest strength observed was in the case of GGF-0-10, which has no Si in the activator solution.
Addition of soluble Si to mixtures also affects the rate of strength gain. Samples with larger Si content showed high early-age strengths (i.e. 3 days) and no Comparison of strength and durability characteristics of a geopolymer • 7 significant improvement in the strength was observed at later ages, indicating much of the strength gain was achieved within the first 3 days. It was also seen that GGF samples had the highest compressive strength for all levels of activator dosage in comparison to fly ash and glass-powder-based geopolymer samples. The higher compressive strength of GGF-0-10 specimens (with no added soluble silica) in comparison to GGF-0.5-10 and GGF-1-10 specimens (with silica-to-binder ratio of 5 and 10%) can be related to the lower level of unreacted GGF particles in GGF-0-10 specimens. Higher amount of available soluble Si (from sodium silicate solution) is thought to reduce the solubility of the GGF particles in these mixtures and cause reduction in the compressive strength. To evaluate the amount of unreacted GGF particles in GGF-0-10 and GGF-1-10, two grams of paste from each of the mixtures were dissolved in an HCl solution using the method described in section 2.4. Results of this test are presented in Table 5 . As it can be seen a higher amount of residue (unreacted GGF particles) was measured in GGF-1-10 paste specimens. Therefore, the better performance of GGF-0-10 specimens can be related to the higher level of GGF particles in this mixture.
Presence of Ca in geopolymer systems is known to accelerate the hardening process (27) . It is thought that Ca +2 ions balance the negative charge associated with Al OH 4 ( ) − and leave more Na in the system, which further accelerates the geopolymerisation. Higher strength of GGF samples even with low Na content might be explained by the presence of Ca in the GGF matrix. Although other mechanisms such as the formation of calcium-silicate-hydrate and calcium-aluminum-silicate-hydrate, have been proposed by others (48) , however, the study of the mechanisms by which calcium improves the compressive strength of the GGF geopolymer was not investigated in this study, which needs to be investigated in the future.
The solubility test was performed on all the precursors to measure the extent of dissolution of Si, Al and Ca in a high alkali solution of 5M NaOH solution ( Table 5 ). As shown in this table, GGF releases a higher amount of Si and Ca in comparison to fly-ash, while they both produce a higher amount of Al in comparison to glass-powder. While the XRF result showed higher Al content in fly ash, the amount of dissolved Al for GGF was in the same range as the fly ash sample. Therefore, it could be concluded that, in comparison to GGF, Al in fly ash is bound more strongly, which could be attributed to the presence of mullite in fly ash.
The lower solubility of Si and Al in fly ash can be related to the presence of quartz and mullite crystals. Mullite and quartz are known to be stable and do not easily dissolve in a high alkali solution (49, 50) . As a result, compressive strength of the fly ashbased geopolymer can be affected by the presence of crystals of quartz and mullite in the fly ash particles. According to Temuujin and Van Riessen (51) presence of mullite in the fly ash lowers the reactivity of fly ash and decreases the level of geopolymerisation. In this study, the XRD test was conducted on virgin fly ash particles and F-1-10 geopolymer paste. The results showed that mullite and quartz peaks in fly ash specimens remain intact even after the reaction Table 5 . Residue percent of GGF-0-10 and GGF-1-10 paste after dissolution in HCl solution
Mix ID Residue (weight %)
GGF-0-10 47
GGF-1-10 55 process (Figure 4 ), which can be attributed to the lower degree of geopolymerisation of the fly ash based geopolymer. Glass-powder samples, however, released an even lower amount of Al in the solution compared to GGF and fly ash. Glasser and Harvey as well as Xu et al. indicated that Al compounds do not readily combine with the small highly charged silicate monomers, instead they form silica-alumina complexes with long-chain silicate oligomers (29, 52) . In such cases when the Si/Al ratio is so high (higher than 15), the geopolymeric material shows more polymeric characterization (53) . It should also be noted that presence of Al in the geopolymer structure can bind the alkali as they are required to balance the negative charge associated with Al OH 4 ( ) − . As a result, the low Al content leaves higher free alkali in the system, which may end up in ASR gel in the paste matrix of glass-powder-based geopolymers.
Samples with the highest compressive strength from each precursor were selected to investigate the microstructure using back-scatter SEM. These samples were GGF-0-10, F-1-10, and GP-1-10, which showed 82, 59, and 43 MPa at their 28 days. Pictures showing the general appearances of each sample are presented in Figure 5 . As presented in this picture, severe damages in the form of voids and cracks can be seen in GP-1-10 sample. The cracks and voids could be related to the high shrinkage tendency of glass-powder geopolymer cured at elevated temperature and also, presence of high dosage of alkali which resulted in formation of ASR gel. Although the shrinkage tests are on-going and are not presented or discussed in detail in this paper, the 28-day results of the drying shrinkage test of geopolymer mortars showed the high shrinkage of glasspowder-based samples. Results of the 28 days old GP-1-10 mortar sample was measured to be 2700 micro-strain, while GGF-0-10 and F-1-10 sample showed 620 and 700 micro-strain respectively. This shows the higher shrinkage tendency of the GP-1-10 mixture. Figure 6 presents the microstructure of GGF-0-10 and F-1-10 paste. As it can be seen in this picture, unreacted GGF particles are observed as discrete particles in the paste, while reaction products connect them together. Considering the rigid nature of these particles, they act as an internal reinforcement Comparison of strength and durability characteristics of a geopolymer • 9 in the paste matrix which leads to higher compressive strength of the GGF samples. The EDX results showed a higher amount of Na in the reaction products, while the other compounds had an almost same proportion in both unreacted particles and surrounding products. As presented in this picture, unreacted particles of fly ash were observed in F-1-10 samples. Nevertheless, the structure of fly ash grains did not appear to be as rigid as GGF grains since micro cracks observed to pass through the un-reacted materials. In the case of glass-powder geopolymer however, an ASR-like gel in the matrix caused cracks in the weak gel as presented in Figure 7 .
Alkali-silica reaction
Expansion results of the ASR test are presented in Figure 8 . As it can be seen in this graph, GP-1-10 shows a rapid expansion which exceeds 1% length change after only 3 days of submerging in 1N NaOH solution. As a result, the samples cracked severely at an early age and length-change measurements were not practical at 7 days. The expansion observed in other geopolymer samples was much less than that observed with portland cement mortars. After 28 days of exposure, the expansion of GGF-0-10 and F-1-10 samples reached 0.04% and 0.06% respectively, while the expansion of portland cement mortars reached 0.84%.
The dramatic expansion of GP-1-10 samples could be attributed to a number of factors, like the lesser amount of Al content in the matrix, the high amount of calcium content, and a large amount of readily available voids and cracks in the hardened matrix. Considering the results presented in Table 6 , the amount of Al released in glass-powder geopolymers is very low, which results in low binding levels of alkalis in the geopolymer structure. Furthermore, presence of a high amount of calcium in the system leads to the formation of more rigid ASR gel, which causes more cracks and eases the attacking process in aggregates. In addition to these, as seen in Figure 8 , as a result of the high amount of already available alkalis in the glasspowder geopolymers, ASR gel was observed in samples with non-reactive aggregate and no exposure to ASR accelerating conditions. Consequently, it is thought that ASR reaction contributing to such high expansion is taking place in the paste matrix of the glass-powder geopolymer itself rather than the aggregate surface. Although not presented in this paper, the SEM results of the samples made with reactive aggregates validated this assumption, as the aggregates were uncracked even in severely cracked mortar bars after 3 days of exposure to ASR accelerating conditions ( Figure 9 ). On the other hand, lower expansions of F-1-10 and GGF-1-10 samples are related to densification of the paste matrix in the presence of NaOH solution. Un-reacted material can go through the reaction process again forming stronger and more uniform paste, which limits the alkali attack on aggregates. Although availability of Ca in cementitious mixtures is known to be deleterious for ASR resistance; and the lower ASR-related expansion of fly ash-based geopolymers has been explained by this parameter (33, 35, 37) , GGF samples did not follow this trend. The low expansion of GGFbased sample might be related to its very low porosity as well as low Ca(OH) 2 content. Results of Mercury Intrusion Porosimetry (MIP) test on 3-days old mortar samples showed a much lower total porosity of the GGF-0-10 mixture (33 mm 3 /g) in comparison to F-1-10 (100 mm 3 /g) and GP-1-10 (74 mm 3 /g) mixtures. In addition, it should also be noted that not all the Ca content of the paste (i.e. already fixed Ca) can participate in the formation of ASR gel, and therefore studies such as TGA might be useful to measure the amount of Ca(OH) 2 in the GGF-based geopolymer paste. It is thought that the higher amount of Ca(OH) 2 in the paste can increase the potential of the formation of a more rigid ASR gel, which will cause larger expansion. The TGA results showed a very low level of Ca(OH) 2 in both fly ash-based (0.7% of total weight) and GGF based geopolymer (1.1% of total weight) paste samples ( Figure 10 ).
SEM pictures taken from the GGF-0-10 sample and the F-1-10 sample after 14 days of exposure are presented in Figure 11 . As presented, no significant signs of cracks can be seen in both samples. Interestingly, the paste matrix of GGF samples remained intact as unreacted GGF particles can clearly be seen in Figure 11 -b. For the case of the F-1-10 sample, more reacted particles were seen in the paste matrix in comparison to the unexposed samples. This indicates the role of high alkali media in the secondary reaction of unreacted particles. The lower amount of alkali-silica reaction in both cases can be attributed to the stabilization of alkalis by unreacted material, the lower level of available calcium in form of Ca(OH) 2 , as well as the rigid structure of GGF-0-10 paste which reduces the permeability. It should also be noted that no visible ASR gel was observed around the aggregates. Figure 9 . a) Severely cracked mortar bars after 7 days of exposure to ASR accelerating condition, and b) SEM picture of GLP-1-10 sample after 3 days of exposure to ASR accelerating condition.
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CONCLUSIONS
Based on the findings from this investigation, the following conclusions were drawn:
1. Increase in the Na content of the activator solution did not seem to have a considerable effect on the workability of the GGF and fly ash-based mixtures, but caused improvement in the workability of glass-powderbased mixtures. On the other hand, increase in the soluble Si content, in terms of SiO 2 / Na 2 O content caused improvement in the workability. 2. The role of Na content was observed to be significant in affecting the compressive strength of all the geopolymer mixtures investigated in this study. The 28-day compressive strength increased with an increase in Na levels in all mixtures. 3. While addition of soluble Si (i.e. increase in SiO 2 /Na 2 O) to mixtures improved compressive strength of fly ash and glass-powder-based geopolymers, it reduced the compressive strength of GGF geopolymer samples. The highest compressive strength in GGF geopolymers was observed in samples with no added silica, i.e. SiO 2 /Na 2 O=0. This is thought to be because of the higher degrees of geopolymerisation of GGF particles in the GGF-0-10 samples, with no addition of sodium silicate in the activator solution. 4. In terms of alkali-silica reaction, the glasspowder-based geopolymer showed a very poor resistance against ASR as mortar bars showed severe cracking and significant expansion. However, fly ash and GGF-based geopolymer mortar bars showed a much lower expansion in comparison to portland cement mortar specimens. Also, results from SEM analysis of polished specimens from GGF and fly ash mortar bars subjected to ASR tests showed a dense paste matrix with little cracking. 
